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(57) Abstract: There is described herein a method of detecting the presence of DNA from cancer cells in a subject comprising: providing
a sample of cell-free DNA from a subject; subjecting the sample to library preparation to permit subsequent sequencing of the cell-
free methylated DNA; adding a first amount of filler DNA to the sample, wherein at least a portion of the filler DNA is methylated,
then optionally denaturing the sample; capturing cell-free methylated DNA using a binder selective for methylated polynucleotides;
sequencing the captured cell-free methylated DNA; comparing the sequences of the captured cell-free methylated DNA to control cell-
free methylated DNAs sequences from healthy and cancerous individuals and from individuals with distinct cancer types and subtypes;
identifying the presence of DNA from cancer cells if there is a statistically significant similarity between one or more sequences of the
captured cell-free methylated DNA and cell-free methylated DNAs sequences from cancerous individuals.
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CANCER DETECTION AND CLASSIFICATION USING METHYLOME ANALYSIS

RELATED APPLICATIONS

This application claims priority to U.S. Provisional Patent Application No. 62/531527
filed July 12, 2017, which is hereby incorporated by reference.

FIELD OF THE INVENTION

The invention relates to cancer detection and classification and more particularly to the

use of methylome analysis for the same.

BACKGROUND OF THE INVENTION

The use of circulating cell-free DNA (cfDNA) as a source of biomarkers is rapidly
gaining momentum in oncology[1]. Use of DNA methylation mapping of cfDNA as a
biomarker could have a significant impact in the field of liquid biopsy, as it could allow
for the identification of the tissue-of-origin[2], allow for cancer type and subtype
classification, and stratify cancer patients in a minimally invasive fashion[3].
Furthermore, using genome-wide DNA methylation mapping of cfDNA could overcome
a critical sensitivity problem in detecting circulating tumor DNA (ctDNA) in patients with
early-stage cancer with no radiographic evidence of disease. Existing ctDNA detection
methods are based on sequencing mutations and have limited sensitivity in part due to
the limited number of recurrent mutations available to distinguish between tumor and
normal circulating cfDNA[4, 5]. On the other hand, genome-wide DNA methylation
mapping leverages large numbers of epigenetic alterations that may be used to
distinguish circulating tumor DNA (ctDNA) from normal circulating cell-free DNA
(cfDNA). For example, some tumor types, such as ependymomas, can have extensive

DNA methylation aberrations without any significant recurrent somatic mutations[6].

Certain methods of capturing cell-free methylated DNA are described in WO
2017/190215, which is incorporated by reference.
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SUMMARY OF THE INVENTION

In an aspect, there is provided a method of detecting the presence of DNA from cancer
cells in a subject comprising: providing a sample of cell-free DNA from a subject;
subjecting the sample to library preparation to permit subsequent sequencing of the
cell-free methylated DNA; adding a first amount of filler DNA to the sample, wherein at
least a portion of the filler DNA is methylated, then optionally denaturing the sample;
capturing cell-free methylated DNA using a binder selective for methylated
polynuclectides; sequencing the captured cell-free methylated DNA; comparing the
sequences of the captured cell-free methylated DNA to control cell-free methylated
DNAs sequences from healthy and cancerous individuals; identifying the presence of
DNA from cancer cells if there is a statistically significant similarity between one or
more sequences of the captured cell-free methylated DNA and cell-free methylated

DNAs seqguences from cancerous individuals.

in an aspect, there is provided a method of detecting the presence of DNA from cancer
cells and identifying a cancer subtype, the method comprising: receiving sequencing
data of cell-free methylated DNA from a subject sample; comparing the sequences of
the captured cell-free methylated DNA to control cell-free methylated DNAs sequences
from healthy and cancerous individuals; identifying the presence of DNA from cancer
cells if there is a statistically significant similarity between one or more sequences of
the captured cell-free methylated DNA and cell-free methylated DNAs sequences from
cancerous individuals; and if DNA from cancer cells is identified, further identifying the

cancer cell tissue of origin and cancer subtype based on the comparison.

In an aspect, there is provided a computer-implemented method of detecting the
presence of DNA from cancer cells and identifying a cancer subtype, the method
comprising: receiving, at least one processor, sequencing data of cell-free methylated
DNA from a subject sample; comparing, at the at least one processor, the sequences
of the captured cell-free methylated DNA to control cell-free methylated DNAs
sequences from healthy and cancerous individuals; identifying, at the at least one
processor, the presence of DNA from cancer cells if there is a statistically significant
similarity between one or more sequences of the captured cell-free methylated DNA
and cell-free methylated DNA sequences from cancerous individuals and if DNA from
cancer cells is identified, further identifying the cancer cell tissue of origin and cancer

subtype based on the comparison.
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In an aspect, there is provided a computer program product for use in conjunction with
a general-purpose computer having a processor and a memory connected to the
processor, the computer program product comprising a computer readable storage
medium having a computer mechanism encoded thereon, wherein the computer
program mechanism may be loaded into the memory of the computer and cause the

computer to carry out the method described herein.

In an aspect, there is provided a computer readable medium having stored thereon a

data structure for storing the computer program product described herein.

In an aspect, there is provided a device for detecting the presence of DNA from cancer
cells and identifying a cancer subtype, the device comprising: at least one processor;
and electronic memory in communication with the at one processor, the electronic
memory storing processor-executable code that, when executed at the at least one
processor, causes the at least one processor to; receive sequencing data of cell-free
methylated DNA from a subject sample; compare the sequences of the captured cell-
free methylated DNA to control cell-free methylated DNAs sequences from healthy and
cancerous individuals; identify the presence of DNA from cancer cells if there is a
statistically significant similarity between one or more sequences of the captured cell-
free methylated DNA and cell-free methylated DNA sequences from cancerous
individuals and if DNA from cancer cells is identified, further identify the cancer cell

tissue of origin and cancer subtype based on the comparison.

In an aspect, there is provided a method of detecting the presence of DNA from cancer
cells and determining the location of the cancer from which the cancer cells arose from
two or more possible organs, the method comprising: providing a sample of cell-free
DNA from a subject; capturing cell-free methylated DNA from said sample, using a
binder selective for methylated polynucleotides; sequencing the captured cell-free
methylated DNA; comparing the sequence patterns of the captured cell-free
methylated DNA to DNAs sequence patterns of two or more population(s) of control
individuals, each of said two or more populations having localized cancer in a different
organ; determining as to which organ the cancer cells arose on the basis of a
statistically significant similarity between the pattern of methylation of the cell-free DNA

and one of said two or more populations.
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BRIEF DESCRIPTION OF FIGURES

These and other features of the preferred embodiments of the invention will become
more apparent in the following detailed description in which reference is made to the

appended drawings wherein:

Figure 1 shows methylome analysis of ¢cfDNA is a highly sensitive approach to enrich
and detect ctDNA in low amounts of input DNA. A) Computer Simulation of the
probability to detect at least one epimutation as a function of the concentration of
ctDNA (columns), number of DMRs being investigated (rows), and the sequencing
depth (x-axis). B) Genome-wide Pearson correlation between DNA methylation signal
for 1 to 100 ng of input DNA from HCT116 cell line fragmented to mimic plasma
cfDNA. Each concentration has two biological replicates. C) DNA methylation profile
obtained from cfMeDIP-seq from different concentrations of input DNA from HCT116
(Green Tracks) plus RRBS (Reduced Representation Bisulfite Sequencing) HCT116
data obtained from ENCODE (ENCSRO00ODFS) and WGBS (Whole-Genome Bisulfite
Sequencing) HCT116 data obtained from GEO (GSM1465024). For the heatmap
(RRBS track), yellow means methylated, blue means unmethylated and gray means
no coverage. D-E) Serial dilution of the CRC cell line HCT116 into the Multiple
Myeloma (MM) cell line MM1.S. cfMeDIP-seq was performed in pure HCT116 DNA
(100% CRC), pure MM1.S DNA (100% MM) and 10%, 1%, 0.1%, 0.01%, and 0.001%
CRC DNA diluted into MM DNA. All DNA was fragmented to mimic plasma cfDNA. We
observed an almost perfect linear correlation (°=0.99, p<0.0001) between the
observed versus expected (D) numbers of DMRs and (E) the DNA methylation signal
(in RPKM) within those DMRs. F) In the same dilution series, known somatic mutations
are only detectable at 1/100 allele fraction by ultra-deep (>10,000X) targeted
sequencing, above the background sequencer and polymerase error rate. Shown are
the fractions of reads containing each base or an insertion/deletion at the site of each
mutation in the CRC cell line. G) Frequency of ctDNA (human) as a percentage of total
cfDNA (human + mice) in the plasma of mice harboring patient-derived xenograft

(PDX) from two colorectal cancer patients.

Figure 2 shows the methylome analysis of plasma cfDNA allows tumor classification.
A) Schematic demonstrating the approach of machine learning classifier construction
for cancer classification. B) Heatmap of DMRs contained within the multi-class elastic

net machine learning classifiers. The classifiers were trained on plasma DNA samples
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from healthy donors (n=24), lung cancer (n=25), breast cancer (n=25), colorectal
cancer (n=23), acute myelogenous leukemia (AML) (n=28), and glioblasatoma
multiforme (GBM) (n=71). Hierarchical clustering method: Ward. C) 2D visualizations
by tSNE (t-Distributed Stochastic Neighbor Embedding) of the cancer-type associated
DMRs identified in 10% or 25% of models. D) Performance metrics for the plasma
cfDNA methylation-based multi-cancer classifier. Area under the receiver operator
curve (auROC) shown on the y-axis for each cancer type and healthy donors following

50-fold generation of elastic net machine learning classifiers.

Figure 3 shows validation of the multi-cancer classifier on independent cohorts. A)
ROC curves are shown for independent validation of the multi-cancer classifier on
cohorts of lung cancer (LUC) (n=55 LUC vs n=97 other), AML (n=35 AML vs n=117
other), and healthy donors (n=62 healthy donors vs n=90 other). B) ROC curves are
shown for independent validation of the multi-cancer classifier on early stage LUC
(n=32 stage I-Il LUC vs n=97 other) and late stage LUC (n=23 stage IlI-IV LUC vs
n=97 other).

Figure 4 shows the methylome analysis of plasma cfDNA allows tumor subtype
classification. A) 2D visualizations by tSNE (t-Distributed Stochastic Neighbor
Embedding) of cancer subtype associated DMRs. Breast cancer subtypes show ability
to distinguish between patients harboring tumors with distinct gene expression pattern
and transcription factor activity (ER status) as well as distinct tumor copy number
aberrations (HER2 status). AML subtypes show ability to distinguish between patients
harboring tumors with distinct rearrangements (FLT3 status). Glioblastoma multiforme
(GBM) subtypes show ability to distinguish between patients harboring tumors with
distinct point mutations (IDH gene mutational status). Lung cancer subtypes show
ability to distinguish between patients harboring tumors with distinct histologies that
have prognostic and therapeutic implications (adenocarcinoma vs. squamous
carcinoma vs. small cell carcinoma). B) Heatmap showing the top DMRs that allow
accurate discrimination of the three breast cancer subtypes in breast cancer plasma
samples. C) Heatmap showing the top DMRs that allow accurate discrimination of the
FLT3-ITD status in AML patient plasma samples. D) Heatmap showing the top DMRs
that allow accurate discrimination of the IDH gene mutational status in glioblastoma
multiforme (GBM) patient plasma samples. E) Heatmap showing the top DMRs that
allow accurate discrimination of the three lung cancer histologies in lung cancer

plasma samples.
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Figure 5 shows a suitable configured computer device, and associated
communications networks, devices, software and firmware to provide a platform for

enabling one or more embodiments as described herein.

Figure 6 shows sequencing saturation analysis and quality controls. A) The figure
shows the results of the saturation analysis from the Bioconductor package MEDIPS
analyzing cfMeDIP-seq data from each replicate for each input concentration from the
HCT116 DNA fragmented to mimic plasma cfDNA. B) The protocol was tested in two
replicates of four starting DNA concentrations (100, 10, 5, and 1 ng) of HCT116 cell
line. Specificity of the reaction was calculated using methylated and unmethylated
spiked-in A. thaliana DNA. Fold enrichment ratio was calculated using genomic
regions of the fragmented HCT116 DNA (Primers for methylated testis-specific H2B,
TSH2B0 and unmethylated human DNA region (GAPDH promoter)). The horizontal
dotted line indicates a fold-enrichment ratio threshold of 25. Error bars represent + 1
s.em. C) CpG Enrichment Scores of the sequenced samples show a robust
enrichment of CpGs within the genomic regions from the immunoprecipitated samples
compared to the input control. The CpG Enrichment Score was obtained by dividing
the relative frequency of CpGs of the regions by the relative frequency of CpGs of the

human genome. Error bars represent + 1 s.e.m.

DETAILED DESCRIPTION

In the following description, numerous specific details are set forth to provide a
thorough understanding of the invention. However, it is understood that the invention

may be practiced without these specific details.

DNA methylation profiles are cell-type specific and are disrupted in cancer. Using a
robust and sensitive method designed for methylome analysis of minute amounts of
circulating cell-free DNA (cfDNA), we identified thousands of Differentially Methylated
Regions (DMRs) that distinguish multiple tumor types from each other and from
healthy individuals. Methylome analysis of cfDNA is highly sensitive and suitable for
detecting circulating tumor DNA (ctDNA) in early stage patients. A machine-learning
derived classifier using cfDNA methylomes was able to correctly classify 196 plasma
samples from patients with 5 cancer types and healthy donors based on cross-

validation. In an independent validation, using the same DMRs identified in the plasma
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cfDNA, the classifier was able to correctly classify AML, lung cancer, and healthy
donors, as well as both early and late stage lung cancer. Therefore, methylome
analysis of cfDNA can be used for non-invasive early stage detection of ctDNA and

robustly classify cancer types.

In an aspect, there is provided a method of detecting the presence of DNA from cancer
cells in a subject comprising: providing a sample of cell-free DNA from a subject,
subjecting the sample to library preparation to permit subsequent sequencing of the
cell-free methylated DNA; adding a first amount of filler DNA to the sample, wherein at
least a portion of the filler DNA is methylated, then optionally denaturing the sample;
capturing cell-free methylated DNA wusing a binder selective for methylated
polynucleotides; sequencing the captured cell-free methylated DNA; comparing the
sequences of the captured cell-free methylated DNA to control cell-free methylated
DNAs sequences from healthy and cancerous individuals; identifying the presence of
DNA from cancer cells if there is a statistically significant similarity between one or
more sequences of the captured cell-free methylated DNA and cell-free methylated

DNAs sequences from cancerous individuals.

Applicant's co-owned applications U.S. Provisional Patent Application No. 62/331,070
filed on May 3, 2016 and International Patent Application No. PCT/CA2017/000108
filed on May 3, 2017 describe method for capturing cell-free methylated DNA and are

incorporated herein by reference.

Cancer has been traditionally classified by tissue of origin — for instance, colorectal
cancer, breast cancer, lung cancer, etc. In the modern practice of clinical oncology, it
is becoming increasingly important to be able to distinguish subtypes of cancer by
various molecular, developmental, and functional underpinnings. Therapeutic
decisions often hinge on the precise subtype of cancer, and it may be necessary for
clinicians to identify the subtype prior to initiation of therapy. Examples of cancer
subtyping that may influence therapeutic decisions include (but are not limited to)
stage (e.g., early stage lung cancer treated with surgery vs late stage lung cancer
treated with chemotherapy), histology (e.g., small cell carcinoma vs adenocarcinoma
vs squamous cell carcinoma in lung cancer), gene expression pattern or transcription
factor activity (e.g., ER status in breast cancer), copy number aberrations (e.g., HER2

status in breast cancer), specific rearrangements (e.g., FLT3 in AML), specific gene
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point mutational status (e.g., IDH gene point mutations), and DNA methylation patterns
(e.g., MGMT gene promoter methyiation in brain cancer).

The methods described herein are applicable to a wide variety of cancers, including
but not limited to adrenal cancer, anal cancer, bile duct cancer, bladder cancer, bone
cancer, brain/cns tumors, breast cancer, castleman disease, cervical cancer,
colon/rectum cancer, endometrial cancer, esophagus cancer, ewing family of tumors,
eye cancer, gallbladder cancer, gastrointestinal carcinoid tumors, gastrointestinal
stromal tumor (gist), gestational trophoblastic disease, hodgkin disease, kaposi
sarcoma, kidney cancer, laryngeal and hypopharyngeal cancer, leukemia (acute
lymphocytic, acute myeloid, chronic lymphocytic, chronic myeloid, chronic
myelomonocytic), liver cancer, lung cancer (non-small cell, small cell, lung carcinoid
tumor), lymphoma, lymphoma of the skin, malignant mesothelioma, muitiple myeloma,
myelodysplastic syndrome, nasal cavity and paranasal sinus cancer, nasopharyngeal
cancer, neuroblastoma, non-hodgkin tymphoma, oral cavity and oropharyngeal cancer,
osteosarcoma, ovarian cancer, penile cancer, pituitary tumors, prostate cancer,
retinoblastoma, rhabdomyosarcoma, salivary gland cancer, sarcoma - adult soft tissue
cancer, skin cancer (basal and squamous cell, melanoma, merkel cell), small intestine
cancer, stomach cancer, testicular cancer, thymus cancer, thyroid cancer, uterine

sarcoma, vaginal cancer, vulvar cancer, waldenstrom macroglobulinemia, wilms tumor.

Various sequencing techniques are known to the person skilled in the art, such as
polymerase chain reaction (PCR) followed by Sanger sequencing. Also available are
next-generation sequencing (NGS) techniques, also known as high-throughput
sequencing, which includes various sequencing technologies including: (llumina
(Solexa) sequencing, Roche 454 sequencing, lon torrent: Proton / PGM sequencing,
SOLID sequencing. NGS allow for the sequencing of DNA and RNA much more
quickly and cheaply than the previously used Sanger sequencing. In some

embodiments, said sequencing is optimized for short read sequencing.

The term “subject” as used herein refers to any member of the animal kingdom,
preferably a human being and most preferably a human being that has, has had, oris

suspected of having prostate cancer.

Cell-free methylated DNA is DNA that is circulating freely in the blood stream, and are

methylated at various known regions of the DNA. Samples, for example, plasma
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embodiments, the sample is the subject’s blood or plasma.

As used herein, “library preparation” includes list end-repair, A-tailing, adapter ligation,
or any other preparation performed on the cell free DNA to permit subsequent

sequencing of DNA.
As used herein, “filler DNA” can be noncoding DNA or it can consist of amplicons.
DNA samples may be denatured, for example, using sufficient heat.

In some embodiments, the comparison step is based on fit using a statistical classifier.
Statistical classifiers using DNA methylation data can be used for assigning a sample
to a particular disease state, such as cancer type or subtype. For the purpose of
cancer type or subtype classification, a classifier would consist of one or more DNA
methylation variables (i.e., features) within a statistical model, and the output of the
statistical model would have one or more threshold values to distinguish between
distinct disease states. The particular feature(s) and threshold value(s) that are used in
the statistical classifier can be derived from prior knowledge of the cancer types or
subtypes, from prior knowledge of the features that are likely to be most informative,

from machine learning, or from a combination of two or more of these approaches.

In some embodiments, the classifier is machine learning-derived. Preferably, the
classifier is an elastic net classifier, lasso, support vector machine, random forest, or

neural network.

The genomic space that is analyzed can be genome-wide, or preferably restricted to
regulatory regions (i.e., FANTOMS5 enhancers, CpG lIslands, CpG shores and CpG
Shelves).

Preferably, the percentage of spike-in methylated DNA recovered is included as a

covariate to control for pulldown efficiency variation.

For a classifier capable of distinguishing multiple cancer types (or subtypes) from one
another, the classifier would preferably consist of differentially methylated regions from

pairwise comparisons of each type (or subtype) of interest.
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In some embodiments, the control cell-free methylated DNAs sequences from healthy
and cancerous individuals are comprised in a database of Differentially Methylated

Regions (DMRs) between healthy and cancerous individuals.

In some embodiments, the control cell-free methylated DNA sequences from healthy
and cancerous individuals are limited to those control cell-free methylated DNA
sequences which are differentially methylated as between healthy and cancerous
individuals in DNA derived from cell-free DNA from bodily fluids, such as from blood
serum, cerebral spinal fluid, urine stool, sputum, pleural fluid, ascites, tears, sweat,

pap smear fluid, endoscopy brushings fluid, ..etc., preferably from blood plasma.

In some embodiments, the sample has less than 100 ng, 75 ng, or 50 ng of cell-free
DNA.

In some embodiments, the first amount of filler DNA comprises about 5%, 10%, 15%,
20%, 30%, 40%, 50%, 60%, 70%, 80%, 90%, or 100% methylated filler DNA with
remainder being unmethylated filler DNA, and preferably between 5% and 50%,
between 10%-40%, or between 15%-30% methylated filler DNA.

In some embodiments, the first amount of filler DNA is from 20 ng to 100 ng, preferably

30 ng to 100 ng, more preferably 50 ng to 100 ng.

In some embodiments, the cell-free DNA from the sample and the first amount of filler
DNA together comprises at least 50 ng of total DNA, preferably at least 100 ng of total
DNA.

In some embodiments, he filler DNA is 50 bp to 800 bp long, preferably 100 bp to 600
bp long, and more preferably 200 bp to 600 bp long.

In some embodiments, the filler DNA is double stranded. The filler DNA is double
stranded. For example, the filler DNA can be junk DNA. The filler DNA may also be
endogenous or exogenous DNA. For example, the filler DNA is non-human DNA, and
in preferred embodiments, A DNA. As used herein, “A DNA" refers to Enterobacteria

phage A DNA. In some embodiments, the filler DNA has no alignment to human DNA.

In some embodiments, the binder is a protein comprising a Methyl-CpG-binding
domain. One such exemplary protein is MBD2 protein. As used herein, “Methyl-CpG-

binding domain (MBD)" refers to certain domains of proteins and enzymes that is

10

SUBSTITUTE SHEET (RULE 26)



WO 2019/010564 PCT/CA2018/000141

10

15

20

25

30

approximately 70 residues long and binds to DNA that contains one or more
symmetrically methylated CpGs. The MBD of MeCP2, MBD1, MBD2, MBD4 and BAZ2
mediates binding to DNA, and in cases of MeCP2, MBD1 and MBD2, preferentially to
methylated CpG. Human proteins MECP2, MBD1, MBD2, MBD3, and MBD4 comprise
a family of nuclear proteins related by the presence in each of a methyl-CpG-binding
domain (MBD). Each of these proteins, with the exception of MBD3, is capable of
binding specifically to methylated DNA.

In other embodiments, the binder is an antibody and capturing cell-free methylated
DNA comprises immunoprecipitating the cell-free methylated DNA using the antibody.
As used herein, “immunoprecipitation” refers a technique of precipitating an antigen
(such as polypeptides and nucleotides) out of solution using an antibody that
specifically binds to that particular antigen. This process can be used to isolate and
concentrate a particular protein or DNA from a sample and requires that the antibody
be coupled to a solid substrate at some point in the procedure. The solid substrate
includes for examples beads, such as magnetic beads. Other types of beads and solid

substrates are known in the art.

One exemplary antibody is 5-MeC antibody. For the immunoprecipitation procedure, in
some embodiments at least 0.05 ug of the antibody is added to the sample; while in
more preferred embodiments at least 0.16 pg of the antibody is added to the sample.
To confirm the immunoprecipitation reaction, in some embodiments the method
described herein further comprises the step of adding a second amount of control DNA

to the sample.

In some embodiments, the method further comprises the step of adding a second

amount of control DNA to the sample for confirming the immunoprecipitation reaction.

As used herein, the “control” may comprise both positive and negative control, or at

least a positive control.

In some embodiments, the method further comprises the step of adding a second
amount of control DNA to the sample for confirming the capture of cell-free methylated
DNA.

In some embodiments, identifying the presence of DNA from cancer cells further

includes identifying the cancer cell tissue of origin.

11
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In some instances, tumor tissue sampling may be challenging or carry significant risks,
in which case diagnosing and/or subtyping the cancer without the need for tumor
tissue sampling may be desired. For example, lung tumor tissue sampling may require
invasive procedures such as mediastinoscopy, thoracotomy, or percutaneous needle
biopsy; these procedures may result in a need for hospitalization, chest tube,
mechanical ventilation, antibiotics, or other medical interventions. Some individuals
may not undergo the invasive procedures needed for tumor tissue sampling either
because of medical comorbidities or due to preference. In some instances, the actual
procedure for tumor tissue procurement may depend on the suspected cancer
subtype. In other instances, cancer subtype may evolve over time within the same
individual; serial assessment with invasive tumor tissue sampling procedures is often
impractical and not well tolerated by patients. Thus, non-invasive cancer subtyping via
blood test could have many advantageous applications in the practice of clinical

oncology.

Accordingly, in some embodiments, identifying the cancer cell tissue of origin further
includes identifying a cancer subtype. Preferably, the cancer subtype differentiates the
cancer based on stage (e.g., early stage lung cancer treated with surgery vs late stage
lung cancer treated with chemotherapy), histology (e.g., small cell carcinoma vs
adenocarcinoma vs squamous cell carcinoma in lung cancer), gene expression pattern
or transcription factor activity (e.g., ER status in breast cancer), copy number
aberrations (e.g., HER2 status in breast cancer), specific rearrangements (e.g., FLT3
in AML), specific gene point mutational status (e.g., IDH gene point mutations), and
DNA methylation patterns (e.g., MGMT gene promoter methylation in brain cancer).

In some embodiments, comparison in step (f) is carried out genome-wide.

In other embodiments, the comparison in step (f) is restricted from genome-wide to
specific regulatory regions, such as, but not limited to, FANTOMS enhancers, CpG
Islands, CpG shores, CpG Shelves, or any combination of the foregoing.

In some embodiments, certain steps are carried out by a computer processor.

In an aspect, there is provided a method of detecting the presence of DNA from cancer
cells and identifying a cancer subtype, the method comprising: receiving sequencing
data of cell-free methylated DNA from a subject sample; comparing the sequences of

the captured cell-free methylated DNA to control cell-free methylated DNAs sequences
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from healthy and cancerous individuals; identifying the presence of DNA from cancer
cells if there is a statistically significant similarity between one or more sequences of
the captured cell-free methylated DNA and cell-free methylated DNAs sequences from
cancerous individuals; and if DNA from cancer cells is identified, further identifying the

cancer cell tissue of origin and cancer subtype based on the comparison step.

In an aspect, there is provided a method of detecting the presence of DNA from cancer
cells and determining the location of the cancer from which the cancer cells arose from
two or more possible organs, the method comprising: providing a sample of cell-free
DNA from a subject; capturing celi-free methylated DNA from said sample, using a
binder selective for methylated polynucleotides; sequencing the captured cell-free
methylated DNA; comparing the sequence patterns of the captured cell-free
methylated DNA to DNAs sequence patterns of two or more population(s) of control
individuals, each of said two or more populations having localized cancer in a different
organ; determining as to which organ the cancer cells arose on the basis of a
statistically significant similarity between the pattern of methylation of the cell-free DNA

and one of said two or more populations.

The present system and method may be practiced in various embodiments. A suitably
configured computer device, and associated communications networks, devices,
software and firmware may provide a platform for enabling one or more embodiments
as described above. By way of example, Figure 5 shows a generic computer device
100 that may include a central processing unit (“CPU") 102 connected to a storage unit
104 and to a random access memory 106. The CPU 102 may process an operating
system 101, application program 103, and data 123. The operating system 101,
application program 103, and data 123 may be stored in storage unit 104 and loaded
into memory 106, as may be required. Computer device 100 may further include a
graphics processing unit (GPU) 122 which is operatively connected to CPU 102 and to
memory 106 to offload intensive image processing calculations from CPU 102 and run
these calculations in parallel with CPU 102. An operator 107 may interact with the
computer device 100 using a video display 108 connected by a video interface 105,
and various input/output devices such as a keyboard 115, mouse 112, and disk drive
or solid state drive 114 connected by an /O interface 109. In known manner, the
mouse 112 may be configured to control movement of a cursor in the video display
108, and to operate various graphical user interface (GUI) controls appearing in the

video display 108 with a mouse button. The disk drive or solid state drive 114 may be
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configured to accept computer readable media 116. The computer device 100 may
form part of a network via a network interface 111, allowing the computer device 100
to communicate with other suitably configured data processing systems (not shown).
One or more different types of sensors 135 may be used to receive input from various

sources.

The present system and method may be practiced on virtually any manner of computer
device including a desktop computer, laptop computer, tablet computer or wireless
handheld. The present system and method may also be implemented as a computer-
readable/useable medium that includes computer program code to enable one or more
computer devices to implement each of the various process steps in a method in
accordance with the present invention. in case of more than computer devices
performing the entire operation, the computer devices are networked to distribute the
various steps of the operation. It is understood that the terms computer-readable
medium or computer useable medium comprises one or more of any type of physical
embodiment of the program code. In particular, the computer-readable/useable
medium can comprise program code embodied on one or more portable storage
articles of manufacture (e.g. an optical disc, a magnetic disk, a tape, etc.), on one or
more data storage portioned of a computing device, such as memory associated with a

computer and/or a storage system.

In an aspect, there is provided a computer-implemented method of detecting the
presence of DNA from cancer cells and identifying a cancer subtype, the method
comprising: receiving, at least one processor, sequencing data of cell-free methylated
DNA from a subject sample; comparing, at the at least one processor, the sequences
of the captured cell-free methylated DNA to control cell-free methylated DNAs
sequences from healthy and cancerous individuals; identifying, at the at least one
processor, the presence of DNA from cancer cells if there is a statistically significant
similarity between one or more sequences of the captured cell-free methylated DNA
and cell-free methylated DNAs sequences from cancerous individuals and if DNA from
cancer cells is identified, further identifying the cancer cell tissue of origin and cancer

subtype based on the comparison step;

In an aspect, there is provided a computer program product for use in conjunction with
a general-purpose computer having a processor and a memory connected to the

processor, the computer program product comprising a computer readable storage
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medium having a computer mechanism encoded thereon, wherein the computer
program mechanism may be loaded into the memory of the computer and cause the

computer to carry out the method described herein.

In an aspect, there is provided a computer readable medium having stored thereon a

data structure for storing the computer program product described herein.

In an aspect, there is provided a device for detecting the presence of DNA from cancer
cells and identifying a cancer subtype, the device comprising: at least one processor;
and electronic memory in communication with the at one processor, the electronic
memory storing processor-executable code that, when executed at the at least one
processor, causes the at least one processor to: receive sequencing data of cell-free
methylated DNA from a subject sample; compare the sequences of the captured cell-
free methylated DNA to control cell-free methylated DNAs sequences from healthy and
cancerous individuals; identify the presence of DNA from cancer cells if there is a
statistically significant similarity between one or more sequences of the captured cell-
free methylated DNA and cell-free methylated DNAs sequences from cancerous
individuals and if DNA from cancer cells from is identified, further identify the cancer

cell tissue of origin and cancer subtype based on the comparison step.

As used herein, “processor’ may be any type of processor, such as, for example, any
type of general-purpose microprocessor or microcontroller (e.g., an Intel™ x86,
PowerPC™, ARM™ processor, or the like), a digital signal processing (DSP)
processor, an integrated circuit, a field programmable gate array (FPGA), or any

combination thereof.

As used herein “memory” may include a suitable combination of any type of computer
memory that is located either internally or externally such as, for example, random-
access memory (RAM), read-only memory (ROM), compact disc read-only memory
(CDROM), electro-optical memory, magneto-optical memory, erasable programmable
read-only memory (EPROM), and electrically-erasable programmable read-only
memory (EEPROM), or the like. Portions of memory 102 may be organized using a
conventional filesystem, controlled and administered by an operating system

governing overall operation of a device.
As used herein, “computer readable storage medium” (also referred to as a machine-

readable medium, a processor-readable medium, or a computer usable medium
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having a computer-readable program code embodied therein) is a medium capable of
storing data in a format readable by a computer or machine. The machine-readable
medium can be any suitable tangible, non-transitory medium, including magnetic,
optical, or electrical storage medium including a diskette, compact disk read only
memory (CD-ROM), memory device (volatile or non-volatile), or similar storage
mechanism. The computer readable storage medium can contain various sets of
instructions, code sequences, configuration information, or other data, which, when
executed, cause a processor to perform steps in a method according to an
embodiment of the disclosure. Those of ordinary skill in the art will appreciate that
other instructions and operations necessary to implement the described
implementations can also be stored on the computer readable storage medium. The
instructions stored on the computer readable storage medium can be executed by a
processor or other suitable processing device, and can interface with circuitry to

perform the described tasks.

As used herein, “data structure” a particular way of organizing data in a computer so
that it can be used efficiently. Data structures can implement one or more particular
abstract data types (ADT), which specify the operations that can be performed on a
data structure and the computational complexity of those operations. In comparison, a

data structure is a concrete implementation of the specification provided by an ADT.

The advantages of the present invention are further illustrated by the following
examples. The examples and their particular details set forth herein are presented for
illustration only and should not be construed as a limitation on the claims of the

present invention.

EXAMPLES
Methods and Materials
Donor Recruitment and Sample Acquisition

CRC, Breast cancer, and GBM samples were obtained from the University Health
Network BioBank; AML samples were obtained from the University Health Network
Leukemia BioBank; Lastly, healthy controls were recruited through the Family
Medicine Centre at Mount Sinai Hospital (MSH) in Toronto, Canada. All samples
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collected with patient consent, were obtained with institutional approval from the
Research Ethics Board, from University Health Network and Mount Sinai Hospital in

Toronto, Canada.
Specimen Processing — cfDNA

EDTA and ACD plasma samples were obtained from the BioBanks and from the
Family Medicine Centre at Mount Sinai Hospital (MSH) in Toronto, Canada. All
samples were either stored at -80°C or in vapour phase liquid nitrogen until use. Cell-
free DNA was extracted from 0.5-3.5 ml of plasma using the QlAamp Circulating
Nucleic Acid Kit (Qiagen). The extracted DNA was quantified through Qubit prior to

use.
Specimen Processing — PDX cfDNA

Human colorectal tumor tissue obtained with patient consent from the University
Health Network Biobank as approved by the Research Ethics Board at University
Health Network, was digested to single cells using collagenase A. Single cells were
subcutaneously injected into 4-6 week old NOD/SCID male mouse. Mice were
euthanized by CO2 inhalation prior to blood collection by cardiac puncture and stored
in EDTA tubes. From the collected blood samples, the plasma was isolated and stored
at -80C. Cell-free DNA was extracted from 0.3-0.7 ml of plasma using the QlAamp
Circulating Nucleic Acid Kit (Qiagen). All animal work was carried out in compliance
with the ethical regulations approved by the Animal Care Committee at University
Health Network.

cfMeDIP-seq

A schematic representation of the cfMeDIP-seq protocol is shown in W02017/190215.
Prior to cfMeDIP, the DNA samples were subjected to library preparation using the
Kapa Hyper Prep Kit (Kapa Biosystems). The manufacturer protocol was followed with
some modifications. Briefly, the DNA of interest was added to 0.2 mL PCR tube and
subjected to end-repair and A-Tailing. Adapter ligation was followed using NEBNext
adapter (from the NEBNext Multiplex Oligos for lllumina kit, New England Biolabs) at a
final concentration of 0.181 uM, incubated at 20°C for 20 mins and purified with
AMPure XP beads. The eluted library was digested using the USER enzyme (New
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England Biolabs Canada) followed by purification with Qiagen MinElute PCR
Purification Kit prior to MeDIP.

The prepared libraries were combined with the pooled methylated/unmethylated A
PCR product to a final DNA amount of 100 ng and subjected to MeDIP using the
protocol from Taiwo et al. 2012[7] with some modifications. Briefly, for MeDIP, the
Diagenode MagMeDIP kit (Cat# C02010021) was used following the manufacturer’s
protocol with some madifications. After the addition of 0.3 ng of the control methylated
and 0.3ng of the control unmethylated A. thaliana DNA, the filler DNA (to complete the
total amount of DNA [cfDNA + Filler + Controls] to 100ng) and the buffers to the PCR
tubes containing the adapter ligated DNA, the samples were heated to 95°C for 10
mins, then immediately placed into an ice water bath for 10 mins. Each sample was
partitioned into two 0.2 mL PCR tubes: one for the 10% input control and the other one
for the sample to be subjected to immunoprecipitation. The included 5-mC monoclonal
antibody 33D3 (Cat#C15200081) from the MagMeDIP kit was diluted 1:15 prior to
generating the diluted antibody mix and added to the sample. Washed magnetic beads
(following manufacturer instructions) were also added prior to incubation at 4°C for 17
hours. The samples were purified using the Diagenode iPure Kit and eluted in 50 pl of
Buffer C. The success of the reaction (QC1) was validated through gPCR to detect the
presence of the spiked-in A. thaliana DNA, ensuring a % recovery of unmethylated
spiked-in DNA <1% and the % specificity of the reaction >99% (as calculated by 1-
[recovery of spiked-in unmethylated control DNA over recovery of spiked-in methylated
control DNAJ), prior to proceeding to the next step. The optimal humber of cycles to
amplify each library was determined through the use of gPCR, after which the samples
were amplified using the KAPA HiFi Hotstart Mastermix and the NEBNext multiplex
oligos added to a final concentration of 0.3 uM. The PCR settings used to amplify the
libraries were as follows: activation at 95°C for 3 min, followed by predetermined
cycles of 98°C for 20 sec, 65°C for 15 sec and 72°C for 30 sec and a final extension of
72°C for 1 min. The amplified libraries were purified using MinElute PCR purification
column and then gel size selected with 3% Nusieve GTG agarose gel to remove any
adapter dimers. Prior to submission for sequencing, the fold enrichment of a
methylated human DNA region (testis-specific H2B, TSH2B) and an unmethylated
human DNA region (GAPDH promoter) was determined for the MeDIP-seq and
cfMeDIP-seq libraries generated from the HCT116 cell line DNA sheared to mimic cell

free DNA (Cell line obtained from ATCC, mycoplasma free). The final libraries were
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submitted for BioAnalyzer analysis prior to sequencing at the UHN Princess Margaret

Genomic Centre on an Ilumina HiSeq 2000.
Ultra-deep targeted sequencing for point mutation detection

We used the QlAgen Circulating Nucleic Acid kit to isolate cell-free DNA from ~20 mL
of plasma (4-5x 10mL EDTA blood tubes) from patients with matched tumor tissue
molecular profiling data generated prior to enrolment in early phase clinical trials at the
Princess Margaret Cancer Centre. DNA was extracted from cell lines (dilution of CRC
and MM ceill lines) using the PureGene Gentra kit, fragmented to ~180 bp using a
Covaris sonicator, and larger size fragments excluded using Ampure beads to mimic
the fragment size of cell-free DNA. DNA sequencing libraries were constructed from 83
ng of fragmented DNA using the KAPA Hyper Prep Kit (Kapa Biosystems, Wilmington,
MA) utilizing NEXTflex-96 DNA Barcode adapters (Bio Scientific, Austin, TX) adapters.
To isolate DNA fragments containing known mutations, we designed biotinylated DNA
capture probes (xGen Lockdown Custom Probes Mini Pool, Integrated DNA
Technologies, Coralville, IA) targeting mutation hotspots from 48 genes tested by the
clinical laboratory using the [llumina TruSeq Amplicon Cancer Panel. The barcoded
libraries were pooled and then applied the custom hybrid capture library following
manufacturer's instructions (IDT xGEN Lockdown protoco! version 2.1). These
fragments were sequenced to >10,000X read coverage using an lllumina HiSeq 2000
instrument. Resulting reads were aligned using bwa-mem and mutations detected

using samtools and muTect version 1.1.4.

Modelling relationships between number of tumor-specific features and probability of
detection by sequencing depth

We created 145,000 simulated genomes, with the proportion of cancer-specific
methylated DMRs set to 0.001%, 0.01%, 0.1%, 1%, and 10% and consisting of 1, 10,
100, 1000 and 10000 independent DMRs respectively. We sampled 14,500 diploid
genomes (representing 100ng of DNA) from these original mixtures and further
sampled 10, 100, 1000, and 10000 reads per locus to represent sequencing coverage
at those depths. This process was repeated 100 times for each combination of
coverage, abundance, and number of features. We estimated the frequency of
successful detection of at least 1 DMR for each combination of parameters and plotted
probability curves (Figure 1A) to visually evaluate the influence of the number of

features on the probability of successful detection conditional on sequencing depths.
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Derivation of tissue-distinctive features, development of a multi-tissue classifier and
validation in 450k data

cfDNA MeDIP profiles were quantified using the MEDIPS R package[8], converted to
RPKMs, and afterwards transformed into log2 counts-per-million. Subsequently, a
linear model was fit using limma-trend[9] on a matrix of features that mapped to
FANTOMS5 enhancers, CpG Islands, CpG shores and CpG Shelves, with the
percentage of spike-in methylated DNA recovered included as a covariate to control
for pulldown efficiency variation. Pairwise contrasts were evaluated for each pair of
tissue types and the top 150 and the bottom 150 DMRs were selected for elastic net
classifier training and validation of cancer-type specificity. Performance metrics were
derived by majority class votes on out-of-fold calls from the model with the highest
Kappa value in cross-validation, a heuristic previously employed in Chakravarthy et
al[10].

Machine learning analyses for evaluation of classification accuracy
Model training and evaluation on the discovery cohort

In order to evaluate the performance of cfMeDIP data in tumor classification without
high computational cost, we reduced the initial set of possible candidate features to
windows encompassing CpG lIslands, shores, shelves and FANTOMS5 enhancers
(hereby labelled “regulatory features”), yielding a matrix of 196 samples and 505,027
features. We then used the caret R package to partition the discovery cohort data into
50 independent training and test sets in an 80%-20% manner (Figure 2A). The splits
were performed while class proportions across the discovery cohort were maintained.
Then, we selected the top 300 DMRs by moderated t-statistic (150 hypermethylated,
150 hypomethylated) on the training data partition using limma-trend for each class
versus other classes. A binomial GLMnet was then trained using these DMRs {(up to
300 DMRs x 7 other classes = 2100 features) with the use of 3 iterations of 10-Fold
Cross-Validation (CV) to optimize values of the mixing parameter (alpha, values = 0,
0.2, 0.5, 0.8 and 1) and the penalty (tambda, values = 0 — 0.05 in increments of 0.01)
using Cohen’s Kappa as the performance metric. For each training set, this yielded a

collection of 6 one-class vs-other-classes binomial classifiers.
We then estimated classification performance on the held-out test set using the

AUROC (area under the receiver operating characteristic curve). These estimates
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represent unbiased measures of classification, as the held-out test set samples were
not used for either DMR pre-selection or GLMnet training and tuning. The 50
independent training and test sets also permitted for minimization of optimistic

estimates due to training-set bias.
Model evaluation on the validation cohort

For each validation cohort cfMeDIP sample, we estimated class probabilities for the
AML, LUC and normal one-vs-all binomial classifiers trained on the 50 different training
sets within the discovery cohort. The probabilities from the 50 models were averaged
to produce a single score that was then used for AUROC estimation. We also
evaluated if disease stage affected performance by estimating AUROC when either
early (Stages | and Il) or late stage LUC samples (Stages Ill and V) were left out for

the one-vs-all classifier.
Results and Discussion

We bioinformatically simulated mixtures with different proportions of ctDNA, from
0.001% to 10% (Figure 1A, column facets). We also simulated scenarios where the
ctDNA had 1, 10, 100, 1000, or 10000 DMRs (Differentially Methylated Regions) as
compared to normal cfDNA (Figure 1A, row facets). Reads were then sampled at
varying sequencing depths at each locus (10X, 100X, 1000X, and 10000X) (Figure 1A,
x-axis). We found an increasing probability of detecting of at least 1 cancer-specific
event (Figure 1A) as the number of DMRs increased, even at low abundance of cancer

ctDNA and shallow coverage.

Moreover, pan-cancer data from The Cancer Genome Atlas (TCGA) shows large
numbers of DMRs between tumor and normal tissues across virtually all tumor
types[11]. Therefore, these findings highlighted that an assay that successfully
recovered cancer-specific DNA methylation alterations from ctDNA could serve as a
very sensitive tool to detect, classify, and monitor malignant disease with low

sequencing-associated costs.

However, genome-wide mapping of DNA methylation in plasma cfDNA is challenging
due to the very low quantities and fragmentation of DNA in circulation[12]. As a result,
previous efforts at methylation profiling of cfDNA has mainly been restricted to locus

specific PCR-based assays[2, 3], such as an FDA approved SEPT9 methylation assay
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for colorectal cancer screening[13]. While recent efforts have been made to perform
whole-genome bisulfite-sequencing of fragmented cfDNA[14-16], the low genome-wide
abundance of CpGs is likely to reduce the amount of useful methylation-related
information available from sequencing. Therefore, the main issues with WGBS on
plasma DNA are the high cost, low efficiency, and DNA losses associated with the
bisulfite conversion. On the other hand, a method that selectively enriches for CpG-
rich features prone to methylation is likely to maximize the amount of useful
information available per read, decrease the cost, and decrease the DNA losses.

A genome-wide method suitable for cfDNA methylation mapping

We developed a new method termed cfMeDIP-seq (cell-free Methylated DNA
Immunoprecipitation and high-throughput sequencing) to perform genome-wide DNA
methylation mapping using cell-free DNA. The cfMeDIP-seq method described here
was developed through the modification of an existing low input MeDIP-seq protocol[7]
that in our experience is very robust down to 100 ng of input DNA. However, the
majority of plasma samples yield much less than 100 ng of DNA. To overcome this
challenge, we added exogenous A DNA (filler DNA) to the adapter-ligated cfDNA
library in order to artificially inflate the amount of starting DNA to 100 ng. This
minimizes the amount of non-specific binding by the antibody and alsc minimizes the
amount of DNA lost due to binding to plasticware. The filler DNA consisted of
amplicons similar in size to an adapter-ligated cfDNA library and was composed of
unmethylated and in vitro methylated DNA at different CpG densities. The addition of
this filler DNA also serves a practical use, as different patients will yield different
amounts of cfDNA, allowing for the normalization of input DNA amount to 100 ng. This
ensures that the downstream protocol remains exactly the same for all samples

regardless of the amount of available cfDNA.

We first validated the cfMeDIP-seq protocol using DNA from human colorectal cancer
cell line HCT116, sheared to a fragment size similar to that observed in cfDNA.
HCT116 was chosen because of the availability of public DNA methylation data. We
simultaneously performed the gold standard MeDIP-seq protocol[7] using 100 ng of
sheared cell line DNA and the cfMeDIP-seq protocol using 10 ng, 5 ng, and 1 ng of the
same sheared cell line DNA. This was performed in two biological replicates. For all
the conditions, we obtained more than 99% specificity of the reaction (1- [recovery of

spiked-in unmethylated control DNA over recovery of spiked-in methylated control
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DNA]), and a very high enrichment of a known methylated region over an
unmethylated region (TSH2B0 and GAPDH, respectively) (Figure 6B).

The libraries were sequenced to saturation (Figure 6A) at around 30 to 70 million
reads per library (Supplementary Table 1). The raw reads were aligned to both the
human genome and the 1 genome, and found virtually no alignment was found to the
A genome (Supplementary Table 1). Therefore, the addition of the exogenous 1 DNA
as filler DNA did not interfere with the generation of sequencing data. Finally, we
calculate the CpG Enrichment Score as a quality control measure for the
immunoprecipitation step[8]. All the libraries showed similar enrichment for CpGs while
the input control, as expected, showed no enrichment (Figure 6C), validating our

immunoprecipitations even at extremely low inputs (1ng).

Genome-wide correlation estimates comparing different input DNA levels show that
both MeDIP-seq (100 ng) and cfMeDIP-seq (10, 5, and 1 ng) methods were very
robust, with Pearson correlation of at least 0.94 between any two biological replicates
(Figure 1B). The analysis also demonstrates that cfMeDIP-seq at 5 and 10 ng of input
DNA can robustly recapitulate the methylation profile obtained by traditional MeDIP-
seq at 100 ng (Pairwise Pearson correlation of at least 0.9) (Figure 1B). The
performance of cfMeDIP-seq at 1 ng of input DNA is reduced compared to MeDIP-seq
at 100 ng but still shows a strong Pearson correlation at >0.7 (Figure 1B). We also
observed that the cfMeDIP-seq protocol recapitulates the DNA methylation profile of
HCT116 using gold standard RRBS (Reduced Representation Bisulfite Sequencing)
and WGBS (Whole-Genome Bisulfite Sequencing) (Figure 1C). Altogether, our data
suggests that cfMeDIP-seq is a robust protocol for genome-wide methylation mapping
of fragmented and low input DNA material, such as circulating cfDNA.

cfMeDIP-seq displays high-sensitivity for detection of tumor-derived ctDNA

To evaluate the sensitivity of the cfMeDIP-seq protocol, we performed a serial dilution
of Colorectal Cancer (CRC) HCT116 cell line DNA into a Multiple Myeloma (MM)
MM1.S cell line DNA, both sheared to mimic cfDNA sizes. We diluted the CRC DNA
from 100%, 10%, 1%, 0.1%, 0.01%, 0.001%, to 0% and performed cfMeDIP-seq on
each of these dilutions. We also performed ultra-deep (10,000X median coverage)
targeted sequencing for detection of three point mutations in the same samples. The

observed number of DMRs identified at each CRC dilution point versus the pure MM
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DNA using a 5% False Discovery rate (FDR) threshold was almost perfectly linear
(r’=0.99, p<0.0001) with the expected number of DMRs based on the dilution factor
(Figure 1D) down to a 0.001% dilution. Moreover, the DNA methylation signal within
these DMRs also shows almost perfect linearity (r?=0.99, p<0.0001) between the
observed versus expected signal (Figure 1E; Supplementary Table 2B). In
comparison, beyond the 1% dilution, ultra-deep targeted sequencing could not reliably
distinguish between the CRC-specific variants and the spurious variants due to PCR or
sequencing-errors (Figure 1F; Supplementary Table 2A). Thus, cfMeDIP-seq displays
excellent sensitivity for the detection of cancer-derived DNA, exceeding the
performance of variant detection by ultra-deep targeted sequencing using a standard

protocol.

Cancer DNA is frequently hypermethylated at CpG-rich regions[17]. Since cfMeDIP-
seq specifically targets methylated CpG-rich sequences, we hypothesized that ctDNA
would be preferentially enriched during the immunoprecipitation procedure. To test
this, we generated patient-derived xenografts (PDXs) from two colorectal cancer
patients and collected the mouse plasma. Tumor-derived human cfDNA was present
at less than 1% frequency within the total cfDNA pool in the input samples and at 2-
fold greater abundance following immunoprecipitation (Figure 1G; Supplementary
Table 3). These results suggest that through biased sequencing of ctDNA, the
cfMeDIP procedure could further increase ctDNA detection sensitivity.

Circulating plasma cfDNA methylation profile can distinguish between multiple cancer

types and healthy donors

DNA methylation patterns are tissue-specific, and have been used to stratify cancer
patients into clinically relevant disease subgroups in glioblastoma[18],
ependymomas[6], colorectal[19], and breast[20, 21], among many other cancer types.
We asked if cfDNA associated profiles could be used to identify tissues-of-origin for
multiple tumor types. To this end, we profiled 196 samples from 5 different tumor types
and normal controls from early and late stage tumors. We used linear modeling to
identify the top 300 DMRs mapping to CpG shores, shelves, islands and FANTOMS
enhancers for each pairwise comparison, leading to a total of 2,100 uniqgue DMRs
(Figure 2A). Density clustering based on t-Distributed Stochastic Neighbor Embedding
(tSNE)[22] of the 196 plasma samples based on the methylation status of these

features revealed distinct clustering of samples based on tissue-of-origin and tumor
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types (Figure 2B,C). Using an elastic net multi-cancer classifier fit with these features
(Figure 2A), we observed highly accurate discrimination between different tumor types
(Figure 2D).

Discrimination of disease subtypes

We evaluated the ability of cfDNA MeDIP profiles to discriminate between disease
subtypes in five distinct cases — gene expression pattern (ER status in breast cancer),
copy number aberration (HER2 status in breast cancer), rearrangement (FLT3 ITD
status in AML), point mutation (IDH mutation in GBM), and finally histology in lung
cancer. In each case, linear models were used to select and rank features as
described earlier. In each case, hierarchical clustering was used to evaluate the
grouping of samples. Density clustering based on t-Distributed Stochastic Neighbor
Embedding (tSNE)[22] based on the methylation status of selected features revealed
distinct clustering of samples based on each of these five distinct examples of cancer

subtype classification.
Detection of cancers and classification of cancer types using machine learning

In order to rigorously evaluate the ability of cfMeDIP profiles to detect cancers and
further classify cancer types, we then conducted a set of machine learning analyses on
our discovery cohort. To allow for accelerated computational analysis, we initially
reduced our cfMeDIP discovery cohort to features mapping to CpG islands, shores,
shelves and FANTOMS enhancers (n=505,027 windows). We then implemented a
strategy on our discovery cohort samples to derive unbiased estimates of

performance, while accounting for training-set biases.

Herein, we split the discovery cohort into balanced training and test sets (80% training
set, 20% test set). Using only the samples in the training set, we selected the top 300
DMRs for each class (sample type) versus other classes, based on limma-trend test
statistics, and trained a series of one-versus-other-classes GLMnets using these
features on the training set data. The training procedure consisted of 3 rounds of 10-
Fold Cross-Validation (CV) across a grid of values for alpha and lambda with
optimisation for Cohen’s Kappa. The use of multiple rounds of 10-Fold CV was
motivated by a desire to leverage additional randomisation for more generalisable

model tuning.
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Performance was then evaluated using AUROC (area under the receiver operating
characteristic curve) derived from test set samples (held-out during the DMR selection
and the subsequent GLMnet training/tuning steps). This process was repeated with 50
different splits of the discovery cohort into training and test sets to mitigate the
influence of training-set biases. This culminated in a collection of 50 models for each
one-vs other-classes comparison (480 models in total). Hereby, we refer to this

collection of models as E50.

Subsequently, we evaluated performance across batches by generating a validation
cohort of additional 152 plasma samples: AML (n=35), lung cancer (n=55) and healthy
control (n=62) samples. For each class, we averaged the class probabilities output by
the models in E50, and estimated AUROC for the one class vs. all others classes
(Figure 3A). The classifiers showed high AUROC values for the classification of AML
vs others (0.993), LUC vs others (0.943) and normal vs others (1.000). This further
confirmed the ability of cfMeDIP-seq coupled with a machine learning approach to
accurately detect and classify tumor type. Finally, we observed that the classifiers
were as accurate in early stage samples (0.950) as in late stage samples (0.934)
(Figure 3B), suggested that this approach is applicable for cancer early detection and

for detection of cancer at both early stages and late stages.
Additional advantages of cfDNA methylome profiling with cfMeDIP-seq

The ability of cfDNA methylation patterns to accurately represent tissue-of-origin also
overcomes limitations of mutation-based assays, wherein specificity for tissues-of-
origin may be low due to the recurrent nature of many potential driver mutations across
cancers in different tissues[23]. Mutation based assays may also be rendered
insensitive by the clonal structure of tumors, where subclonal drivers may be harder to
detect by virtue of lower abundance in ctDNA[24]. Mutation based ctDNA approaches
are also vulnerable to potential confounding by driver mutations in benign tissues,
which have been observed[25], and documented to display evidence of positive

selection[26].

Taken together, our findings - based on the largest collection of cancer cfDNA
methylomes derived to date - establish cfMeDIP-seq as an efficient and cost-effective
tool with the potential to influence management of cancer and early detection. The
accuracy and versatility of cfMeDIP-seq may be useful to inform therapeutic decisions

in settings where resistance is correlated to epigenetic alterations, such as sensitivity
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to androgen receptor inhibition in prostate cancer[27]. The potential opportunities for
early diagnosis and screening may be particularly evident in lung cancer, a disease in
which screening has already shown clinical utility but for which existing screening tests
(i.e., low dose CT scanning) has significant limitations such as ionizing radiation

exposure and high false positive rate.

In conclusion, our findings underscore the utility of cfDNA methylation profiles as a
basis for non-invasive, cost-effective, sensitive, highly accurate early tumor detection,

multi-cancer classification, and cancer subtype classification.

Although preferred embodiments of the invention have been described herein, it will be
understood by those skilled in the art that variations may be made thereto without
departing from the spirit of the invention or the scope of the appended claims. All
documents disclosed herein, including those in the following reference list, are

incorporated by reference.
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Table 2A: Mean coverage of ultra-deep targeted variant sequencing using
dilution series of CRC cell line HCT116 DNA into MM cell line MM1.S DNA

100 155,964 4284 655

10 154,657 4877 654

1 154,419 4890 654

0.1 183,271 5674 887
0.01 238,291 8068 1602
0.001 199,766 7337 1299
0.0001 187,695 6891 1181
0 216,434 7721 1412

Table 2B: Resultant observed DMRs and DNA
methylation signal from the diluticn series of CRC cell line

HCT116 DNA into MM cell line MM1.S DNA

645,683.90

111,472
10 1,597 8,775.61
1 692 4,521.60
0.1 12 7571
0.01 8 79.73
0.001 2 22.42
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Table 3: Number of reads and mapping efficiency of cfMeDIP-seq libraries of PDX and Input

Control samples after aligning to human (Hg19

)

genome|

Input Contro! 1

46,857,633

389,073 0.83
Input Control 2 35,658,454 283,799 0.80
PDX 1 49,997,849 1,080,277 2.16
PDX 2 34,802,767 514,988 1.77
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1. A method of detecting the presence of DNA from cancer cells in a subject

comprising:

(a)

(b)

(€)

(d)

(e)

(f)

(9

providing a sample of cell-free DNA from a subject;

subjecting the sample to library preparation to permit subsequent

sequencing of the cell-free methylated DNA;

adding a first amount of filler DNA to the sample, wherein at least a
portion of the filler DNA is methylated, then optionally denaturing the

sample;

capturing cell-free methylated DNA using a binder selective for

methylated polynucleotides;
sequencing the captured cell-free methylated DNA;

comparing the sequences of the captured cell-free methylated DNA to
control cell-free methylated DNAs sequences from healthy and

cancerous individuals;

identifying the presence of DNA from cancer cells if there is a
statistically significant similarity between one or more sequences of the
captured cell-free methylated DNA and cell-free methylated DNAs

sequences from cancerous individuals.

2. The method of claim 1, wherein the sample is from the subject’'s blood or

plasma.

3. The method of claim 1 or 2, wherein comparison step (f) is based on fit using a

statistical classifier.

4, The method of claim 3, wherein the classifier is machine learning-derived.

5. The method of claim 4, wherein the classifier is an elastic net classifier, lasso,

support vector machine, random forest, or neural network.
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10.

11.

12.

13.

The method of any one of claims 1-5, wherein the control cell-free methylated
DNAs sequences from healthy and cancerous individuals are comprised in a
database of Differentially Methylated Regions (DMRs) between healthy and

cancerous individualis.

The method of any one of claims 1-6, wherein the control cell-free methylated
DNA sequences from healthy and cancerous individuals are limited to those
contro! cell-free methylated DNA sequences which are differentially methylated
as between healthy and cancerous individuals in DNA derived from cell-free
DNA.

The method of claim 7, wherein the control cell-free methylated DNA
sequences are differentially methylated as between healthy and cancerous

individuals in DNA derived from blood plasma.

The method of any one of claims 1-8, wherein the sample has less than 100

ng, 75 ng, or 50 ng of cell-free DNA.

The method of any one of claims 1-9, wherein the first amount of filler DNA
comprises about 5%, 10%, 15%, 20%, 30%, 40%, 50%, 60%, 70%, 80%, 90%,
or 100% methylated filler DNA with remainder being unmethylated filler DNA,
and preferably between 5% and 50%, between 10%-40%, or between 15%-
30% methylated filler DNA.

The method of any one of claims 1-9, wherein the first amount of filler DNA is
from 20 ng to 100 ng, preferably 30 ng to 100 ng, more preferably 50 ng to 100

ng.

The method of any one of claims 1-11, wherein the cell-free DNA from the
sample and the first amount of filler DNA together comprises at least 50 ng of
total DNA, preferably at least 100 ng of total DNA.

The method of any one of claims 1-12, wherein the filler DNA is 50 bp to 800
bp long, preferably 100 bp to 600 bp long, and more preferably 200 bp to 600
bp long.
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15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

The method of any one of claims 1-13, wherein the filler DNA is double

stranded.
The method of any one of claims 1-2, wherein the filier DNA is junk DNA.

The method of any one of claims 1-3, wherein the filler DNA is endogenous or

exogenous DNA,

The method of claim 16, wherein the filler DNA is non-human DNA, preferably
A DNA.

The method of any one of claims 1-17, wherein the filler DNA has no alignment
to human DNA.

The method of any one of claims 1-18, wherein the binder is a protein

comprising a Methyl-CpG-binding domain.
The method of any one of claims 1-19, wherein the protein is a MBD2 protein.

The method of any one of claims 1-20, wherein step (d) comprises

immunoprecipitating the cell-free methylated DNA using an antibody.

The method of claim 21, comprising adding at least 0.05 pg of the antibody to

the sample for immunoprecipitation, and preferably at least 0.16 ug.
The method of claim 21, wherein the antibody is 5-MeC antibody.

The method of claim 21, further comprising the step of adding a second
amount of control DNA to the sample after step (c) for confirming the

immunoprecipitation reaction.

The method of any one of claims 1-23, further comprising the step of adding a
second amount of control DNA to the sample after step (c¢) for confirming the

capture of cell-free methylated DNA.
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26.

27.

28.

29.

30.

31.

32.

33.

The method of any one of claims 1-25, wherein identifying the presence of
DNA from cancer cells further includes identifying the cancer cell tissue of

origin.

The method of claim 26, wherein identifying the cancer cell tissue of origin

further includes identifying a cancer subtype.

The method of claim 27, wherein the cancer subtype differentiates the cancer
based on stage, histology, gene expression pattern, copy number aberration,

rearrangement, or point mutational status.

The method of any one of claims 1-28, wherein the comparison in step (f) is

carried out genome-wide.

The method of any one of claims 1-28, wherein the comparison in step (f) is

restricted from genome-wide to specific regulatory regions.

The method of claim 30, wherein the regulatory regions are FANTOMS
enhancers, CpG Islands, CpG shores, CpG Shelves, or any combination of the

foregoing.

The method of any one of claims 1-31, wherein steps (f) and (g) are carried out

by a computer processor.

A method of detecting the presence of DNA from cancer cells and identifying a

cancer subtype, the method comprising:

a. receiving sequencing data of cell-free methylated DNA from a subject

sample;

b. comparing the sequences of the captured cell-free methylated DNA to
control cell-free methylated DNAs sequences from healthy and

cancerous individuals;

c. identifying the presence of DNA from cancer cells if there is a

statistically significant similarity between one or more sequences of the
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34.

35.

36.

37.

captured cell-free methylated DNA and cell-free methylated DNAs

sequences from cancerous individuals; and

d. if DNA from cancer cells from step c. is identified, further identifying the
cancer celi tissue of origin and cancer subtype based on the

comparison in step b.

A computer-implemented method of detecting the presence of DNA from

cancer cells and identifying a cancer subtype, the method comprising:

a. receiving, at least one processor, sequencing data of cell-free

methylated DNA from a subject sample;

b. comparing, at the at least one processor, the sequences of the captured
cell-free methylated DNA to control cell-free methylated DNAs

sequences from healthy and cancerous individuals;

c. identifying, at the at least one processor, the presence of DNA from
cancer cells if there is a statistically significant similarity between one or
more sequences of the captured cell-free methylated DNA and cell-free
methylated DNAs sequences from cancerous individuals and if DNA
from cancer cells from step c. is identified, further identifying the cancer
cell tissue of origin and cancer subtype based on the comparison in

step b;

A computer program product for use in conjunction with a general-purpose
computer having a processor and a memory connected to the processor, the
computer program product comprising a computer readable storage medium
having a computer mechanism encoded thereon, wherein the computer
program mechanism may be loaded into the memory of the computer and
cause the computer to carry out the method of claim 34.

A computer readable medium having stored thereon a data structure for storing

the computer program product according to claim 35.

A device for detecting the presence of DNA from cancer cells and identifying a

cancer subtype, the device comprising:
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at least one processor; and

electronic memory in communication with the at one processor, the electronic

memory storing processor-executable code that, when executed at the at least

one processor, causes the at least one processor to:

a.

receive sequencing data of cell-free methylated DNA from a subject

sample;

compare the sequences of the captured cell-free methylated DNA to
control cell-free methylated DNAs sequences from healthy and

cancerous individuals;

identify the presence of DNA from cancer cells if there is a statistically
significant similarity between one or more sequences of the captured
cell-free methylated DNA and cell-free methylated DNAs sequences
from cancerous individuals and if DNA from cancer cells from is
identified, further identify the cancer cell tissue of origin and cancer

subtype based on the comparison in step b.

A method of detecting the presence of DNA from cancer cells and determining

the location of the cancer from which the cancer cells arose from two or more

possible organs, the method comprising:

(a)

(b)

(c)

(d)

providing a sample of cell-free DNA from a subject;

capturing cell-free methylated DNA from said sample, using a binder
selective for methylated polynucleotides;

sequencing the captured cell-free methylated DNA,

comparing the sequence patterns of the captured cell-free methylated
DNA to DNAs sequence patterns of two or more population(s) of control
individuals, each of said two or more populations having localized

cancer in a different organ;
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(e) determining as to which organ the cancer cells arose on the basis of a
statistically significant similarity between the pattern of methylation of

the cell-free DNA and one of said two or more populations.
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Figures 1A and 1B
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